The postphagocytic effect on mouse, rabbit, and guinea pig peritoneal macrophages of a petrol-ether lipid extract from Corynebacterium ovis (C. pseudotuberculosis) representing the surface coat of the organism external to the cell wall was investigated by examining three parameters of cytotoxicity, viability assayed by dye exclusion, glycolytic activity, and ultrastructural morphology. The viability test demonstrated a lethal effect on normal and immune mouse macrophages but not on those of the rabbit or guinea pig. Measurement of glycolysis indicated a significant degree of cytotoxicity in normal mouse macrophages ingesting lipid, a nonsignificant depression of activity in cells from immune mice, and no alteration in the activities of rabbit and guinea pig macrophages. Electron microscopy demonstrated that C. ovis surface lipid caused acute lethal injury in normal and immune mouse macrophages. The early stages of degeneration were typified by dilatation of the cisternae of rough endoplasmic reticulum, Golgi lamellae, and nuclear envelope, proceeding to focal disruption of various cell membranes, particularly those of the lipidcontaining phagolysosomes and nucleus. In contrast, over the 3-h period of study, no cytotoxic change was evident in rabbit or guinea pig macrophages. The results add further support to previous observations that the surface lipid of C. ovis plays a major role in the pathogenesis of the organism in mice, but they do not explain the guinea pig's marked susceptibility to infection.
Corynebacterium ovis (C. pseudotuberculosis), the causative agent of caseous lymphadenitis in sheep, possesses a surface lipid which has been implicated in expression of the organism's pathogenicity and virulence (3, 9, 15) . This material prepared by petrol-ether extraction of C. ovis is located as an electron microscopically visible layer external to the cell wall (5) . Such peripheral distribution of lipid is compatible with the observation that extraction of lipid from a bacterial suspension does not impair the viability of the organism (3) . The toxicity of the lipid can be demonstrated on subcutaneous injection as a dermonecrotic lesion, but there is no systemic reaction.
Electron microscopic examination of the host-parasite interaction has indicated that mouse phagocytes are very susceptible to the cytotoxic effect of C. ovis, whereas rabbit and guinea pig phagocytes are quite resistant, particularly the rabbit polymorphonuclear neutrophil leukocyte. Furthermore, persistence of viable C. ovis in mouse phagocytes is associated with the visualization of an intact lipid layer, whereas degradation of the organism in rabbit and guinea pig phagocytes is accompanied by apparent loss of the surface lipid (9) .
In the present study, the toxic effects of the lipid have been studied further, comparing the response by mouse, rabbit, and guinea pig macrophages to determine the role played by the lipid in effecting the variation noted in species susceptibility to C. ovis. The parameters of viability assay after phagocytosis, biochemical assay of glycolytic activity, and electron microscope assessment of morphology in vivo have been used to assess the comparative response. (15) . In brief, strain 137 was cultured on the surface of nutrient broth (a neutralized peptic digest of ox liver and flesh) in Roux bottles at 37 C for 5 days and quots of 200 ml of petrol-ether by mechanical agitation for a period of 36 h. After filtration, the petrolether was distilled off by attachment to a Rotor Vac apparatus and the extracted lipid was held under reduced pressure over phosphorus pentoxide for 24 h before storage (15) . For the preparation of mice sensitized to C. ovis, attenuated strains which had been derived from the virulent form by repeated in vitro passage on solid media were used. Thus, pathogenicity was decreased substantially but could be induced at comparatively high dosage. Attenuated strains were cultured on tryptose agar slopes for 24 h before use (6) .
MATERIALS AND METHODS
Preparation of lipid for phagocytosis. For conversion into a suitable form for phagocytosis studies, 50 mg of lipid was dissolved in 5.0 ml of ondina oil 29 (Shell Chemical Australia, Ltd.) vehicle at 56 C for several hours with frequent shaking. To 1.0 ml of this solution was added 2.0 ml of fetal calf serum (FCS), and the preparation was subjected to ultrasonic vibration for 2 min with an MSE Tosco ultrasonic power unit using a probe of 9.5-mm diameter. Sterility was maintained throughout. The resultant emulsion was satisfactorily stable and contained a high proportion of droplets ranging in size from 0.25 to 2.0 Am, suitable for phagocytosis by macrophages. A mixture consisting of 2.0 ml of FCS and 1.0 ml of ondina oil was emulsified and used as a control suspension. The toxicity of the lipid in oil solutions and lipid in oil-FCS emulsions was tested by intradermal injection of 0.1 and 0.2 ml, respectively, into the skin of the dorsal surface of guinea pigs (15) .
Animals. Mice of C57BL strain, 4-month-old short-haired guinea pigs and New Zealand White Himalaya X rabbits of various ages were used in these studies. All animals were females.
Peritoneal cell preparations. Peritoneal contents were harvested from the varioua species by methods already described (9) . Peritoneal cells from mice immunized with a series of intraperitoneal injections of an attenuated strain of C. ovis (6) were collected 7 days after the final immunizing dose. Mononuclear cell infiltration was stimulated in the peritoneal cavity of rabbits and guinea pigs by the injection of ondina oil, and cells were harvested 4 to 6 days later. Rabbit and guinea pig cells were then centrifuged at 300 x g at 4 C for 10 min and washed twice in nutrient medium. Total and differential counts were performed on all cell suspensions under phase-contrast optics.
Viability assay. Immune and normal mice were injected intraperitoneally with 0.1 ml of the prepared emulsions. After 20 min, the peritoneal contents were harvested in medium 858 (Commonwealth Serum Laboratories) containing 10 Glycolysis assay. Glycolytic activity was measured by lactate production. Cells (2 x 107 to 3 x 107), suspended in 2.9 ml of medium 858 supplemented with 20% FCS, were placed in siliconized Crown Pyrex flasks. A 0.1-ml aliquot of oil emulsion was added to triplicate flasks in each group, and the suspensions were incubated in a humid 5% CO2 in air atmosphere at 37 C for 2.5, 5, and 8 h. At each interval, flasks were removed and the contents were diluted with 1.5 ml of chilled distilled water and centrifuged at 12,350 x g at 2 C for 10 min. This treatment layered the free oil droplets at the surface of the medium and made possible the removal of approximately 2.0 ml of reasonably clear, cell-free supernatant below. Of the latter, 1.8 ml was added to 0.2 ml of 30% periodate, and after brief centrifugation to 1,268 x g, lactic acid determination was carried out by a modification (19) of the method of Horn and Bruns (10) .
Electron microscopy. Oil emulsions were either injected into the peritoneal cavity of the species under study or added to macrophage suspensions in plastic culture tubes and incubated in a gassed atmosphere at 37 C. Cell samples were then taken at various intervals, directly from the peritoneal cavities or from the culture tubes, centrifuged at 300 x g for 10 min, and suspended in a mixture of 5.6% glutaraldehyde and 1% osmium tetroxide buffered with 0.2 M s-collidine (24) . Thereafter, the suspensions, in microcentrifuge tubes, were prepared for electron microscopy as described previously (7) Effect of lipid ingestion on lactic acid production by macrophages. Assay of glycolytic activity was used as a biochemical measure of cytotoxicity. Figure 1 illustrates the effect of C. ovis lipid ingestion on lactic acid production by mouse, rabbit, and guinea pig macrophage suspensions. The glycolytic activity of both normal In contrast, the glycolytic activity of rabbit and guinea pig macrophages was not depressed by phagocytosis of C. ovis lipid at any point in the 8-h period of study.
Ultrastructural changes in macrophages after the ingestion of C. ovis surface lipid. Electron microscopic examination of peritoneal contents from mice, rabbits, and guinea pigs first of all demonstrated that both the nontoxic oil-FCS and toxic lipid-oil-FCS droplets were avidly interiorized by the macrophages in each case. The droplets occurred as single or multiple inclusions within membrane-bound phagocytic vacuoles and were surrounded by dense, amorphous material presumed to be of lysosomal origin (Fig. 2) . There was no ultrastructural difference between droplets containing lipid and those without, each being identifiable in the early stages as electron-lucent oval inclusions of smooth, entire outline (Fig. 2) . At later intervals, many droplets lost their uniform outline, becoming indistinct and irregular (Fig. 3) . This appearance was consistent with the effect of enzymatic hydrolysis of the inclusions within phagolysosomes.
Despite the fact that many of the phagocytes of normal and immune mice examined at various stages up to 2.5 h postinjection were crammed with droplets, there was no apparent degenerative disorganization of cytoplasmic structure associated with the ingestion of ondina oil-FCS.
In the deeper cytoplasm (Fig. 4) . Mild dilatation of cisternae of rough endoplasmic reticulum and Golgi lamellae along with focal blebbing of the nuclear envelope were characteristic early changes (Fig. 5 ) compatible with stage 2 injury or hydropic degeneration (25) . Cells in a more advanced state of injury showed a marked loss of cytoplasmic density and fine structure consistent with hydration, and increased ballooning of endoplasmic reticulum and nuclear envelope. There was also a disappearance of free ribosomes and loss of the condensed heterochromatin at the nuclear periphery. At (Fig. 8) . By 2 h, the major proportion of macrophages within the peritoneal cavity were irreversibly damaged. Mouse polymorphonuclear neutrophil leukocytes were as equally susceptible to the toxic effects of C. ovis lipid but peritoneal lymphocytes, which did not ingest the droplets, remained undamaged. Peritoneal cells of mice which had received the immunizing course of attenuated C. ovis presented the same range and degree of injury as cells from unsensitized mice.
However, rabbit (Fig. 9 ) and guinea pig (Fig.  10 ) macrophages exposed in vitro or in vivo to lipid-oil-FCS emulsion showed no ultrastructural variation from normal in cytoplasm or nucleus during the 3-h period of study.
DISCUSSION
The petrol-ether extract of C. ovis consists mainly of sodium corynomycolate together with the sodium salts of C14, C16, and C18 fatty acids, some triglycerides, and free fatty acids (4, 20) . A relationship can be noted therefore with the important lipid constituents of Mycobacterium tuberculosis, the mycolic acids, which are high-molecular-weight hydroxy acids with a long chain in the a position (for review see 21) . In particular, there is a close relationship with the cord factor of M. tuberculosis, which is also a petrol-ether extract of the virulent organism having the structure 6,6-dimycolate of trehalose (22) . In addition, a glycolipid containing trehalose esterified in the 6,6 position with two molecules of C32 acids, corynomycolic and corynomycolenic acid, has been isolated from C. diphtheriae (12) , whereas the cord factor isolated from Nocardia asteroides is also closely related in structure to the glycolipid produced by corynebacteria (11) .
Presentation of purified C. ovis lipid to macrophages as a solution in droplets of paraffin oil of a size suitable for phagocytosis appears to be an adequate method for assessing the associated cytotoxicity. The preparative manipulation does not alter the lipid's dermonecrotic properties as adjudged by the guinea pig skin test. Electron microscopy confirms that the droplets are avidly ingested by macrophages and that the paraffin oil vehicle is itself nontoxic. The paraffin-stimulated rabbit and guinea pig peritoneal macrophages represent exudate cell populations with different properties to the nonexudate peritoneal cells of unsensitized mice. How- ever, in electron microscopy and viability studies, the validity of the observations recorded is supported by companion in vivo monitoring of the effect of lipid on unstimulated rabbit and guinea pig peritoneal cells, which indicated an equivalence with the responses of paraffin-stimulated cells. In addition, the macrophages from C. ovis-sensitized mice themselves represent a comparable class of exudate cells (7) .
Each of the three tests for cytotoxicity produced comparable results, demonstrating that the surface lipid is rapidly toxic for mouse macrophages but not for those of rabbit or guinea pig. Thus, exposure to lipid reduces the viability of mouse cells and glycolytic activity and induces ultrastructural signs consistent with acute lethal injury, passing through progressive stages from hydropic degeneration to necrosis (25) . The changes in structure which occur suggest that membrane components are the sites of this toxic effect, particularly those of the phagolysosomes and nucleus. In this action, C. ovis lipid resembles endotoxin, for lysosomal membranes have been implicated as one of the principal targets of endotoxin-induced injury (13, 26) .
The variation in species response to C. ovis lipid at the level of the phagocyte is matched by the response to the intact organism. In the mouse, peritoneal phagocytes are highly susceptible to the necrotizing action of the bacteria.
Furthermore, sustained viability of ingested C. ovis is always associated with the visualization of an intact surface lipid coat (9) . It is likely FIG. 7 . Peritoneal macrophage from normal mouse 20 min after intraperitoneal injection of lipid-oil-FCS emulsion. The limiting membranes of the droplet-containing phagocytic vacuoles are disrupted (asterisks). In the nucleus (N), the dense peripheral band ofchromatin has dispersed and the membrane is broken in several places with floccular nuclear contents passing into the cytoplasmic matrix (arrowheads). x30,000. FIG. 8 . Peritoneal macrophage from immune mouse 60 min after intraperitoneal injection of lipid-oil-FCS emulsion. The cell shows cytoplasmic and nuclear changes consistent with early necrosis. The adjacent cytoplasmic process (arrowhead) which may be part of the same cell is also irreversibly damaged and contains an oil droplet (0). x12 ,500. that the lipid not only has a degenerative toxic effect on the host cells but acts as a barrier against the lysosomal enzymes, thus affording protection from intracellular degradation. Although collectively peritoneal macrophages from immunized mice have an enhanced ability to deal with C. ovis, they seem to be individually no better able than cells from normal mice to withstand the cytotoxic action or to degrade the protective lipid barrier (9); this is despite their increased content of lysosomes and associated hydrolytic enzymes (7, 8 (9) . In addition, intraperitoneal injection of large doses of lipid dissolved in liquid paraffin into guinea pigs was without any systemic toxic effect (3) . Nevertheless, this species can be infected with less than 20 that the guinea pig's marked susceptibility to infection cannot be attributed, therefore, to an acute action of the lipid on the peritoneal macrophage population, unless this reaction is delayed beyond the period of observation. The results do not preclude the possibility that polymorphonuclear neutrophil leukocytes may play a major role in the susceptibility of this species since the effect of lipid on these phagocytes was not included in the study.
Involvement of lipids associated with the bacterial surface, in pathogenesis, is well known in species related to C. ovis. The cord factor of M. tuberculosis is one of the principle toxic components of this organism, able to cause mitochondrial swelling, structural disintegration of the mitochondrial membrane, and a decrease in mitochondrial respiration and phosphorylation (16) (17) (18) . The surface lipid of C. diphtheriae, like that of C. ovis, is capable also of eliciting a marked inflammatory response upon subcutaneous injection (1) . Although nontoxic, a chloroform-soluble lipid extract of the related Listeria monocytogenes plays a role in pathogenicity by invoking a monocytosis in rabbits, a characteristic of the natural infection in a variey of species, including man (23) . There is now growing evidence to support the idea that the lipid coat of C. ovis has important biological involvement in expression of the organism's pathogenicity. Not only is the species spectrum of macrophage susceptibility or resistance to the lipid's toxic action the same as that for the intact organism (9), but virulent strains of C. ovis possess quantitatively more extractable lipid than attenuated strains (15) . The response of macrophages of sheep, the natural host, has not yet been comprehensively examined, but analogy with the mouse suggests there may be a similar basis for pathogenicity as infection with C. ovis induces a comparable disease process in both species.
